We propose a scheme for a quantum thermal machine made by atoms interacting with a single non-equilibrium electromagnetic field. The field is produced by a simple configuration of macroscopic objects held at thermal equilibrium at different temperatures. We show that these machines can deliver all thermodynamic tasks (cooling, heating and population inversion), and this by establishing quantum coherence with the body on which they act. Remarkably, this system allows to reach efficiencies at maximum power very close to the Carnot limit, much more than in existing models. Our findings offer a new paradigm for efficient quantum energy flux management, and can be relevant for both experimental and technological purposes.
I. INTRODUCTION
Recent years have seen an uprising interest in thermodynamics at atomic scale [1] [2] [3] [4] due to the latestgeneration manipulation of few, if not single, elementary quantum systems [2, 5] . In particular, out-of-equilibrium thermodynamics of quantum systems represents one of the most active research areas in the field [6] [7] [8] [9] [10] . In this context, triggered by vast technological outcomes [11, 12] , the concept of quantum absorption thermal machine [13] has been reintroduced [14] [15] [16] [17] [18] [19] . These machines are particularly convenient since they function without external work, extracting heat from thermal reservoirs through single atomic transitions to provide thermodynamic tasks (e.g., refrigeration).
Nonetheless, fundamental issues remain unsolved. A first one is the connection a single atomic transition to given thermal reservoirs, posing serious obstacles to practical realizations of such machines. A second, more theoretical issue concerns the role of quantumness. Indeed, in typical models quantum features are not required [13, 18] , and only recently the advantages of quantum properties in thermal reservoirs have been pointed out [16] . The role of quantum features in the machines itself is debated [18, 19] , so that the advantages of quantum machines over standard ones remains partially unclear.
In this paper we address both of these open problems by introducing a new quantum thermal machine setting, based on an out-of-thermal-equilibrium (OTE) electromagnetic bath naturally (i) coupling to each single atomic transitions, and (ii) creating quantum features in the machine. The field is produced by macroscopic objects, and acts on each atomic transition as a different thermal bath at an effective temperature, hence providing all the elements needed for quantum absorption tasks. This paper is structured as follows: the physical system is introduced in Section II, along with the master equation governing its dynamics, while Section III is devoted to the introduction of thermodynamic quantities characterising the heat exchanges happening between atoms and field. In Section IV the first part of the results is given, concerning the action of the machines, the dif- 
FIG. 1. (a)
A slab of thickness δ at temperature TS is placed in the blackbody radiation of some walls at temperature TW . Two atoms are placed in the resulting OTE electromagnetic field, at a distance z from the slab and at a distance r from each other. (b) Stationary heat fluxes between the OTE environment E and each atomic transition. The OTE field also mediates for an effective atomic interaction producing an energy exchange Qr between resonant atomic transitions. Each flux contribution corresponds to a term in the atomic master equation (4) . ferent tasks it can produce and their intrinsic quantum origin. The second part of the results of this work about the machine efficiency and its Carnot limit is given in Section V. Finally, remarks and conclusions are drawn in Section VI.
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The setup of this paper is schematically depicted in Fig. II , where a slab of thickness δ at temperature T S is placed in the blackbody radiation emitted by some walls at temperature T W = T S . The total electromagnetic field embedding the space between the slab and the walls is therefore given by the sum of four contribution: the direct blackbody radiation of the walls, the radiation emitted naturally by the slab and the walls' radiation after being either reflected or transmitted by the slab. Such an OTE field has been studied in the context of Casimir-Lifshitz force and heat transfer [20] [21] [22] [23] , where its properties have been characterised in terms of the field correlators through a scattering matrix approach. The slab and the walls, macroscopic objects, are here the only ones directly connected to thermal baths. In addition, a three-level atom M (machine) and a two-level atom B (target body) are placed at the same distance z from the surface of the slab and spatially separated by a distance r. The atomic open system involves then four transitions: the body transition labeled as B and the three machine transitions labeled as 1, 2, 3. Transition 1 connects the two lowest-lying energy eigenstates (red transition in Fig.  1(b) ) and transition 2 the two highest ones (green transition in Fig. 1(b) ). The OTE field interacts with them through the Hamiltonian
, where d i is the dipole moment of the i-th transition of the atomic system and E(R i ) is the electromagnetic field at its position R i . The total Hamiltonian of the system is It is worth stressing here that, differently from previous works on atomic-scale thermal machines [14-16, 18, 19] , each atomic transition interacts here with the same electromagnetic field, which embeds all the space where the atoms are placed. As we will show in what follows, there is then no need to conceive different environments, each interacting with a single atomic transition: a single nonequilibrium electromagnetic field is here able to produce all the physics needed for quantum thermodynamic tasks.
A. The master equation
In [24] the master equation (ME) for two emitters in such a field has been derived under the Markovian limit as
where
is an effective field-mediated dipole interaction coupling resonant atomic transitions. Here we assume B and M to be resonant through transitions at frequency ω B , and all their dipoles to have the same magnitude and to lie along the line joining the two atoms, and oriented from B to M . Λ(ω) is the effective interaction strength and σ (κ r ) is the lowering operator of the body (of the resonant transition of the machine). H M B originates from the correlations of the fluctuations of atomic dipoles due to the common field.
The derivation of the master equation (4) has been performed under the Markovian and rotating wave approximations. It involves the average photon number n(ω, T ) = 1/ e ω/k B T − 1 at frequency ω and temperature T and the two functions α W (S) which encompass all the properties of the environment, such as the dielectric properties of the slab and the correlation functions of the field. For their explicit expressions we refer the interested reader to [24] . The dissipative effects due to the atom-field coupling are accounted for by the dissipators D k with expressions
3 where ω d = ω B . One recognises standard local dissipation terms (D B and D n ), each associated to the degrees of freedom of a well-identified atom, and non-local dissipation (D d ) which describes energy exchanges at frequency ω B of the atomic system as a whole with its OTE environment, not separable in machine or body contributions, its action involving degrees of freedom of both atoms in a symmetric way. The parameters Γ ± i (ω i ) (the rates of the dissipative processes of absorption and emission of photons through local or non-local interactions) depend on local or non-local correlations of the field in the atomic positions, which in turn are functions of the temperatures T S and T W and the dielectric properties of the slab S as
is the vacuum spontaneous emission rate of the i-th atomic transition having a dipole moment d i , and Γ
Thanks to the functional dependence of these parameters on the frequency and on the position of the atom, and to the critical behaviour shown in correspondence to the resonance frequency ω S of the slab material, thermodynamic tasks become achievable. To simplify the notation, in the rest of this work the explicit ω-dependence in all the Γs will be omitted.
III. THERMODYNAMICS OF THE SYSTEM
After having introduced all the dynamic effects characterizing the atomic system, we want in this Section to introduce some quantities which will characterize the machine tasks and functioning.
A. Environmental and population temperatures
In order to describe the machine thermodynamics, it is convenient to introduce two kind of temperatures. A first one characterizes the action of the field on the atoms: it has been shown [26] that the atom-field interaction can be effectively rewritten as if each atomic transition felt a local equilibrium environment whose temperature depends on the transition frequency, on the properties of the slab and on the slab-atom distance z. These effective environmental temperatures depend on the rates Γ ± n as
It is important to stress here that, despite these effective environments can be characterised by a temperature, their spectra are not simply blackbody spectra as they have their own transition-dependent Purcell factor [26] . In this framework we study thermodynamic effects of stationary heat fluxes between M and B, mediated and sustained by the OTE environment. To characterize the effects of these fluxes a second kind of temperature has to be introduced. Indeed, as much as the environmental temperatures characterise the thermodynamics of the OTE field, we need a second parameter to describe the energetics of atoms. In particular, atoms exchange energy under the form of heat with their surroundings by emitting photons through one of their transitions. This means that the possibility of such heat exchanges is related to the distribution of population in each atomic level. Note that, from the very definition of T n , the environmental temperature depends on how the field tends to distribute atomic population in each pair of levels, due to the presence of the ratio Γ + n /Γ − n . A transition is therefore in equilibrium with its effective local environment if and only if its two levels |a and |b are populated such
If not, the field and the atom will exchange heat along such a transition until such a ratio is reached. This suggests to introduce a second temperature, hereby referred to as population temperature, which for a transition of frequency ω n (n = 1, 2, 3, B) is defined as
p a n (p b n ) being the stationary population of the ground (excited) state of the n-th transition. The result of a stationary thermodynamic task on the body, be it refrigeration, heating or population inversion, is then to modify its population temperature θ B .
B. Heat fluxes
The condition
It can be proven that detailed balance can be broken in a three level atom in OTE fields. As a consequence the machine M produces non-zero stationary heat fluxes with B and the field environment, one for each dissipative process D n in the ME (4). These fluxes, following the standard approach in the framework of Markovian open quantum systems [28] , are given asQ n = Tr H at D n ρ , where ρ is here the stationary atomic state and H at is a suitable atomic Hamiltonian which can be H M , H B or H M + H B depending on which part of the atomic system the heat flows into. Note that this definition implies an outgoing heat flux to be negative.
Following their definition, these heat fluxes depend both on the field properties (through the structure of the dissipators D n ) and on the properties of the atoms through their stationary state. This dependence, for the local dissipators, can be put under the very clear ther-4 modynamic forṁ
where K n > 0, C n (θ n ) is a positive function of θ n (and of other parameters such as the frequency of the transition) and the second approximated equality holds in the limit θ n T n . Equation (12) shows that the direction of heat flowing is uniquely determined by the sign of the difference T n − θ n , matching the thermodynamic expectation that heat flows naturally from the hotter to the colder body and strengthening the physical meaning of θ n .
There being no time-dependence in the Hamiltonian of the model, the first law of thermodynamics at stationarity for the total atomic system comprises only heat terms and assumes the forṁ
In addition, energy is exchanged between the machine and the body thanks to their field-induced interaction H M B . In Appendix A, following the general scheme developed in [29] , we show such an exchange to be under the form of heat. Seen by M such a flux 
In an analogous way, by employing Eq. (7), one can evaluate the change in internal energy of M due to the non-local heat flux exchanged by the atomic system with the OTE environment, given
Finally, the change in the internal energy of B due to the same effect, Tr H B D d ρ , is given by same expression (15) . Fig. 1(b) shows the full scheme of such heat fluxes for a particular configuration of the system. The two levels of B will be labeled here as |g and |e . Despite the two-level assumption might seem specific, it has been shown in various contexts [3, 27] that quantum thermal machines only couple to some effective two-level subspaces in the Hilbert space of the body they are working on. A twolevel system is therefore the fundamental building block of the functioning of quantum thermodynamic tasks.
IV. COHERENCE-DRIVEN MACHINE TASKS
The main result of this paper is the possibility to drive the temperature θ B of the body outside of the range defined by the external reservoirs at T W and T S . The body, without the effect of the machine, would thermalise at the local environmental temperature (θ B = T B ), corresponding to p e /p g = Γ 
A coherence c r is present in the decoupled basis between the two atomic states |g1 r and |e0 r having the same energy.
Note that the temperature θ B of the body increases monotonically with the ratio p e /p g . By tracing out the machine degrees of freedom from the master equation (4), one obtains a diagonal state with stationary populations p g and p e of the body B. Be nowQ 
where the mean values are evaluated over the stationary state of the total system. Exploiting its general form (16) , it is just a matter of straightforward calculations to evaluate all the mean values above. Imposing the sum of (17), (18) and (19) to vanish (first law for B, analogous to Eq. (13)), one obtains
Note now that, thanks to Eq. (16), σκ † r = c r and σ † κ r − = Im(c r ), such that the first term in ∆(ω B ) stems from the resonant heat −Q r = −2 ω B Λ(ω B )Im(c r ) exchanged with the machine, while the second is due to the non-local heat fluxQ d . Eqs. (20) and (21) show that the thermal machine works only if a stationary quantum coherence c r is present. Remarkably, it can be shown [30] that quantum discord [31] (a key measure of purely quantum correlations) is a monotonic function of the absolute value of the coherence c r in our system. Differently from previous studies [18] , here discord between M and B is a necessary condition for any thermodynamic task, and represents a resource the machine can use through the two different processesQ r anḋ Q d . Eq. (20) means that a quantum coherence between machine and body modifies the stationary temperature of the body with respect to T B . This modification is reported in Fig. 2 , where the behaviour of θ B as a function of the slab-atoms distance z is shown for two different slab thicknesses δ. Four possible regimes can be singled out: both during refrigeration (θ B < T B ) and heating (θ B > T B ), θ B can be either driven outside of the range [T W , T S ] (strong tasks) or kept within it (light tasks).
As a limiting case of strong heating, the body can be brought to infinite temperature (p e = p g ) and, further on, to negative ones, producing population inversion. As one can easily see from Fig. 2 , the physics behind the absorption tasks is enclosed in the strong sensitivity of the population temperature θ B of the body to the population temperature θ M of the machine along the resonant transition when the body is not present.
A. Optimal conditions for thermodynamic tasks
It is shown in Fig. 2 that the machine has a very high thermal inertia, such that the body, when put into thermal contact with the machine having a certain temperature θ M , thermalizes with it and θ B θ M . Fig. 3 shows the mechanism the machine uses to modify its population temperature θ M in absence of the body, thanks to the different environmental temperatures each of its transition feels. This drives M out of detailed balance condition and allows M to keep its resonant transition temperature almost constant. We label here the three transitions of the machine as high frequency (ω h ), average frequency (ω a ) and low frequency (ω l ), one of which (suppose here ω l , connecting states |0 r and |1 r ) is resonant with ω B . For simplicity, let us focus on refrigeration only, which we suppose to happen either through transition 2 (connecting first and the second excited states), since in this configuration the high-frequency transition 3 is always used by an absorption refrigerator to dissipate heat into the environment [16] . As shown in Fig. 2 , to obtain a low θ B the resonant machine transition must be made cold. This is achieved by reducing the ratio p 1r /p 0r , which in turn happens when: (a) the effective environmental temperature T h felt by the high frequency transition is very cold. In this way the environment contributes in increasing the population z HmmL of the ground state of M at the expenses of the population of its most energetic state. The resonant transition involves necessarily one of these two levels, and in both cases the effect of the high frequency transition helps reducing p 1r /p 0r ; (b) the effective environmental temperature felt by the average transition is very hot. This, following the same idea, would either mean reducing the population of p 1 or increasing the one of p 0 , thus reducing p 1r /p 0r .
When these two conditions are met, the machine can always redistribute its populations such that the ratio p 1r /p 0r can be kept low and almost unaffected by the presence of another atom. The advantage of the OTE field configuration is that the effective field temperatures can be manipulated through a wide set of parameters involving z, δ, T W and T S . In particular, the role of the resonance of the slab material is crucial [26] , as ex- As the plot shows, the transition having the same frequency as the slab resonance is much more strongly affected by the field emitted by the slab, such that its rate temperature is kept much lower than Ta. This produces a mechanism, shown in the inset, according to which excitations (yellow dots) are transferred to the intermediate level of the machine and removed from its upper one. This in turn drives the population temperature θ l of the transition at ω l (transition 2 in the example) to values lower than the one T l of its local environment, allowing the machine to refrigerate objects. In this configuration, introducing a body B at z = 1 µm from the slab and r = 1 µm from M , one obtains θB = 160 K < TS.
plained in the caption of Fig. 3 . In the case T S < T W , transitions strongly affected by the field emitted by the slab feel a cold local environment. Moreover, provided ω a is far enough from ω S , one can at the same time have T a T W . By this mechanism, M can change the temperature θ B , bringing it to values far outside the range
We stress here that the difference between light and strong tasks is a fundamental one: better than light tasks could in principle be done by direct connection of the body to one of the two real reservoirs at T S or T W , while strong tasks can not be achieved by a simple thermal contact with anything in the system. ∆(ω B ) strongly depends on the slab-matter system distance z and on the external temperatures through c r , Λ and Γ ± d . One can thus engineer one or many of these regimes at will as shown in the functioning-phase diagram of the machine in Fig. 4 for a fixed thickness δ = 0.05 µm. All the strong and light functioning phases of the machine are found as a function of both T W − T S and z. 
V. EFFICIENCY AND CARNOT LIMIT
Consider now the refrigerating regime in which the machine extracts heat from the body through the transition 2. The scheme of heat fluxes is then exactly the one depicted in Fig. 1(b) . The efficiency of this process is
due to the fact thatQ r is the power produced by the machine, which absorbs energy from its surroundings through transitions 1 and 2 (the equivalent of a work input) while uses transition 3 to dissipate part of the absorbed energy after use (the equivalent of the spiral in a normal fridge). The corresponding Carnot limit η C ref can be obtained by analysing the machine functioning in its reversible limit (zero entropy production). The instantaneous entropy production rate τ for quantum systems is defined as [28] 
where S(ρ(t)||ρ st ) is the so-called relative entropy [33] , never increasing in time under a Markovian dynamics. Following [16] , one can apply equation (23) term by term to each dissipator in the master equation thanks to the fact that they all are under a Markovian form. One thus obtains (24) one obtainṡ
which is a form of the second law at stationarity for our system. With the help of the first law in Eq. (13) of Section III, the known property of three-level atomic heat fluxes [13] |Q n /Q m | = ω n /ω m ∀ m, n = 1, 2, 3 (wherė Q n is the total flux along the n-th transition) and the fact that in refrigeration T 3 < T 2 , T d and T 2 , T d < T 1 (as commented in Section IV A) and under the conditioṅ Q d < 0 (other cases can be treated analogously), one obtains from (25) another first degree inequality. This has a non-trivial solution only if T d > T 2 , from which a bound on the efficiency in Eq. (22) can be obtained as shown in Appendix B. Such a bound depends only on the three frequencies of the machine and the temperatures of the effective local and non-local environments. In the case of refrigeration along transition 2 the Carnot efficiency assumes the form
A. Efficiency at maximum power An important figure of merit for the realistic functioning of any thermal machine is how close to its Carnot limit it works when delivering maximum power (i.e., whenQ r is maximised). Many bounds are known for different setups, limiting the efficiency at maximum power η m to some fractions of η C [16, 34] . Remarkably our structured OTE environment allows for refrigeration tasks with η m much closer to η C than the bound known for quantum absorption machines [16] based on ideal blackbody reservoirs, reading for our system η m < 0.75 η C . This is exemplified in Fig. 5 classically expected when the efficiency approaches η C , around ω 3 0.9 ω S , but suddenly increases again when ω 3 approaches ω S . This behaviour is due to the fact that, when one atomic transition is resonant with the characteristic frequency of the slab material, the atomic populations are strongly affected by the field emitted by the slab. Hence the not-black-body nature of the total field become crucial (e.g., the atomic decay rate is no longer proportional to ω 3 ), allowing to overcome bounds set by the blackbody physics. The role of discord as machine resource is clearly shown here, where discord at resonance has a sharp peak leading to the high-power performance of M .
One could wonder whether such an exceptionally high efficiency at maximum power is only seldomly attained for the kind of machines described here. To answer such a question on quantitative bases, we performed a random sampling of over 2 · 10 4 thermal machines, all delivering thermodynamic tasks on the same fixed body. In the simulations performed and reported in Fig. 6 , the machines work as a quantum refrigerator delivering strong refrigeration using a semi-infinite slab. In this sampling, the machine-slab distance z has been, for each machine, randomly drawn in the range [0.9 µm, 100 µm], the walls temperature has been selected randomly in T W ∈ [50 K, 500 K] and, for each value of T W , the slab temperature has been chosen at random in T S ∈ [T W , T W + 500 K]. The internal structure of the body is kept fixed during the simulations, with a frequency ω B = 0.1 ω S resonant with the transition 2 of M . For each machine thus generated, we have then maximised the delivered power by modifying the two 4 thermal machines, always in resonance with the same body B. For each machine, z has been randomly generated in the range [0.9 µm, 100 µm], TW ∈ [50 K, 500 K] and, for each value of TW , TS ∈ [TW , TW + 500 K]. The internal structure of the body is kept fixed during the simulations, with a frequency ωB = 0.1 ωS resonant with the transition 2 of M . The maximisation is performed over every possible value of ω1 ∈ (ω2, ωS) and ω3 compatible with the condition ω1 + ω2 = ω3. Around 50% of machines thus generated have η m > 0.75 η C .
other machine frequencies over every possible value of ω 1 ∈ (ω 2 , ω S ) and ω 3 compatible with the condition ω 1 + ω 2 = ω 3 . Finally, once obtained the configuration corresponding to the maximum power, we have computed the efficiency of the process. Fig. 6 shows the histogram of the distribution of the ratio η m /η C of efficiency at maximum power to the corresponding Carnot efficiency in the interval [0, 1] within these 2 · 10 4 random refrigerators. It is remarkable that around 50% of these machines work at maximum power with efficiencies higher than the bound 0.75 η C in [16] and that none of them have been found to work at maximum power with efficiencies lower than 0.6η C . Moreover, as can be clearly seen in Fig.  6 , a small but non-negligible fraction of them can reach η m 0.98η C .
VI. CONCLUSIONS
This work introduces a new realization of a quantum thermal machine using atoms interacting with single nonequilibrium electromagnetic fields. By simply connecting two thermal reservoirs to macroscopic objects, their radiated field allows the atomic machine to achieve all quantum thermodynamic effects (heating, cooling, population inversion), without any direct external manipulation of atomic interactions. This overcomes the usual difficulty of connecting single transitions to thermal reservoirs, in a realistic and simple configuration where the field-mediated atomic interaction modifies at will stationary inter-atomic energy fluxes.
Despite the environmental dissipative effects, atoms share steady quantum correlations [24, 35] which we showed to be necessary for one atom to deliver a thermodynamic task on the other, uncovering genuinely nonclassical machine functioning. These particular features affect the tasks efficiency, which can be remarkably high also at maximum power, defying the known bounds for quantum machines based on ideal and independent blackbody reservoirs thanks to the fundamental effect of the resonance with the real material of which the slab is made. Moreover, such a remarkably high efficiency at maximum power is strongly connected to the presence of a peak in quantum correlations between the machine and the body, which represent the resource the machine uses for its tasks.
These results tackle major open problems on quantum thermal machines, paving the way for an efficient quantum energy management based on the potentialities of non-equilibrium and quantum features in atomic-scale thermodynamics.
